A recently proposed Polarizable Hydrogen Bond (PHB) method has been employed to simulate the folding of a 53 amino acid helix (PDB ID 2KHK) in explicit water. Under PHB simulation, starting from a fully extended structure, the peptide folds into the native state as confirmed by measured time evolutions of radius of gyration, root mean square deviation (RMSD), and native hydrogen bond. Free energy and cluster analysis show that the folded helix is thermally stable under the PHB model. Comparison of simulation results under, respectively, PHB and standard nonpolarizable force field demonstrates that polarization is critical for stable folding of this long a-helix. Elucidation of the kinetics and thermodynamics of protein folding has wide-ranging implications in biochemistry, genetics, and pharmaceutical chemistry.
1,2 Currently, all atom molecular dynamics (MD) simulation can be carried out to simulate folding of small proteins 3 and even some relatively large proteins. 4 ,5 Yet despite significant progress, it is still difficult to correctly predict folding and establish detailed description of the folding mechanism. 6 In addition to difficulties in accessible time scale, 7 a major challenge lies in the accuracy of the force field used. An accurate (or reliable) force field must correctly describe the relative energies of folded, unfolded, and perhaps the intermediate states in free energy landscape. Although widely used force fields such as AMBER, 8 CHARMM, 9 GROMOS, 10 and OPLS 11 have enjoyed great success in biomolecular simulations, 12 a serious deficiency of these force fields is the lack of polarization effect. For example, secondary structure elements in proteins rely in large part on the formation of hydrogen bonds, which have strong polarization effect. 13 Thus, including polarization in the force field for protein dynamics simulation is extremely important.
Modeling force fields with directional hydrogen bonding have frequently shown improved accuracy. 14 In our previous studies, electrostatic polarization has been demonstrated to be very important in stabilizing the native structure of protein and intra-protein hydrogen bonds. 15 It is noted that without the polarization effect, hydrogen bonds are found to be "too fragile," which leads to less stable local structure of protein. 16 By including the polarization of hydrogen bond, we folded a short helix to the native structure using the polarizable hydrogen bond (PHB) at room temperature. 17, 18 However, these studies are based on short helical peptide. Whether it is still effective when applying to long helical peptide is still unknown. In this work, we performed folding simulation of a long helical peptide in explicit water by employing the PHB model, and compare the result with that using standard nonpolarizable force field.
The basic idea of PHB model can be found in a previous paper. 18 Here we just give a brief introduction. When hydrogen bond forms or breaks, the electron distribution will be distorted due to mutual electrostatic polarization between the hydrogen bond donor and acceptor. Thus, electrostatic polarization effect plays an important role in folding energetics. By using a pair of di-alanine in helical conformation as a model system and changing the donor-acceptor distance from 2.5 to 6.5 Å while fixing other degrees of freedom, we calculated the distance-dependent atomic charges by using the restrained electrostatic potential (RESP) 19 charge fitting method. Electrostatic potential on grids around the residue was calculated based on the polarized wave function, and new atomic charges were obtained. Iterations were conducted until convergence was reached. Quantum mechanical calculations were carried out using Gaussian 09 (Ref. 20 ) at HF/6-31 G* level in order to be consistent with AMBER charges.
The change of atomic charge from the reference value in a backbone hydrogen bonding pair -CO and -NH is fitted to an exponential function as
and
where R is the distance between donor and acceptor. The values of transferred charges for H and C atoms were exactly the negative of that for N and O atoms. 2KHK is a 53 amino acid straight long helix belonging to b30 to 82 domain of F1Fo adenosine-5'-triphosphate synthesis in Escherichia coli. In view of its large size, a short MD simulation (10 ns) in implicit water was performed first to make the peptide somewhat more compact in order to minimize the overall size of the water box in explicit water a)
Authors to whom correspondence should be addressed. LETTERS 102, 193706 (2013) MD simulation that follows. The last snapshot from this short MD simulation was extracted as the initial structure (shown in Figure 1 ) for explicit water simulation. Simulations were carried out using AMBER10 package with some in-house modifications. The structure was immersed in the center of a truncated octahedral box of TIP3P water molecules, and all of the peptide atoms were no less than 12 Å from the edge of the water box. Two chloride ions were added to neutralize the charge of the system. To remove bad contact before the simulation, we ran 5000 steps of steepest descent followed by 5000 steps of conjugate gradient energy minimizations. The system was heated up from 0 to 288 K in 100 ps, which was the experimental temperature of 2KHK, during which all atoms in the protein were restrained with a force constant of 10 kcal/ mol•Å 2 . Particle Mesh Ewald 21 method with a 10 Å cutoff in real space was used to calculate electrostatic interaction. Langevin thermostat with collision frequency 1.0 ps À1 was used to regulate the temperature. 22 Isotropic pressure coupling with a relaxation time of 2 ps was used to maintain the pressure to 1 atm. 23 Integration time step was set to 2 fs. Trajectories were saved every 1 ps, and 150 000 snapshots were saved in production run for further analysis.
The production runs were performed using both the standard AMBER03 force field and the PHB, respectively. The only difference between PHB and standard AMBER03 is that atomic charges in hydrogen bond donor and acceptor, while other parameters of the force field are exactly the same. During MD simulation, hydrogen bonds were checked periodically using SIMULAID program. 24 The PHB scheme was employed to update the atomic charges of C, O, N, and H for those hydrogen bonded residues, and MD simulations were continued using the updated atomic charges. To balance the efficiency and accuracy, the periodic check was performed every 100 ps in this study, which was found to be reasonable in terms of accuracy.
The variations of Root Mean Square Deviation (RMSD) from the native structure and radius of gyration (Rg) along the simulation time are shown in Figure 2 . The overall fluctuations of RMSD and Rg using AMBER03 charges are both larger than those using PHB model. The RMSD distribution and representative structures are also shown in Figure 2 . The most populated state under PHB model has an RMSD of 2.1 Å , while under standard AMBER simulation, it is as large as 4.0 Å . The result indicates that hydrogen bond polarization helps the folding of long helix. This is also reflected from the fluctuation of Rg along the simulation time. Under standard AMBER03 force field, Rg fluctuates widely and after about 120 ns, the Rg gradually deviated from the native value, indicating that the helix conformation is deformed. While under PHB simulation, initially the peptide adopts a more compact structure than the native structure. After 75 ns, the Rg wanders around the experimental value with small fluctuation.
In order to gain insight into the folding dynamics, we monitored snapshots of the intermediate states along the simulation time under PHB model as plotted in Figure 3 . It is noted that the structure near the N-terminal of the peptide is flexible while the middle long helix is becoming more and more stable as simulation goes on. 193706 (2013) The driving force for protein folding, or even more simply the driving force for the formation of helix, in water is still controversial. 25 The polarization effect along the hydrogen bonds is essential for helix formation. 26 This statement is also supported by the hydrogen bond cooperativity. 27 It is counted that the final number of hydrogen bond is 21.6 using AMBER charge but is 24.6 using PHB charge, indicating that hydrogen bonds are strengthened when polarization effect is included.
193706-
We constructed two-dimensional free energy landscapes from MD simulations under both the AMBER03 force field and PHB model using the RMSD and Rg of the backbone as the reaction coordinates. Free energy was calculated by Weighted Histogram Analysis Method (WHAM). 28 Figure 4 plots the 2D free energy map at 288 K from simulations using, respectively, standard AMBER03 and PHB model. The free energy map under AMBER03 shows a global minimum with RMSD of around 4.1 Å and Rg around 17.2 Å (versus the value of 20.3 Å calculated from the nuclear magnetic resonance (NMR) structure). The structure is obviously twisted from the middle of the peptide as shown in Figure 4 (top panel). So, no stable native structure is founded in standard AMBER simulation. A local minimum with Rg around 26 Å is obtained under AMBER03 force field and this is not the global minimum.
For comparison, the free energy landscape under the PHB model displays a global minimum at RMSD around 2.0 Å (folded state) as shown in Figure 4 (bottom panel). The global minimum obtained in the PHB model has a Rg value of about 20.0 Å , which is very close to the NMR value of 20.3 Å . There is also a local minimum at RMSD around 3.1 Å , which is a partially unfolded state. At this local minimum, the N terminal of the peptide is unfolded, but the middle helical fragment is almost intact. This free energy analysis shows that the helix is thermally more stable under the PHB model.
In this work, we utilized a recently proposed PHB method to simulate the folding of a long (53 amino acid) helical peptide (PDB ID 2KHK) in explicit water. Under PHB simulation, the peptide folds into the native state and remains stably folded. Comparison of simulation results under, respectively, PHB and standard AMBER force field demonstrates that explicit polarization effect is essential for folding of this long a-helix. This work demonstrates that polarization of hydrogen bond should be taken into account in protein folding.
It should be noted that folding simulations of peptides with b-sheet or mixed helix-sheet structures are very challenging. The difficulty lies in not only the lack of polarization effect, but also the unbalanced secondary structure propensity in widely used force field. For instance, AMBER03 force field biases the helical conformation, which may impede the folding of b structure. Refinement of backbone torsion parameters is an ongoing research project in our group and we hope to be able to obtain good result for folding of b structure soon.
